The release of acid phosphatase and polysaccharide-peptide complexes by hydrolytic enzymes from the surface of the blastospore and mycelial forms of Candida albicans has been examined in cells from 4 h and 18 h cultures and the results correlated with the appearance of the treated cells in the electron microscope. Treatment with dithiothreitol was necessary for the degradative action of the enzymes to occur. Material released by all the treatments used had a similar qualitative composition, but the proportions of mannan, glucan, peptide and acid phosphatase varied with different treatments and with the type of cell examined. 1,3-P-Glucanase was required for major changes in the cell wall to be effected, but a significant amount of material was released with a chitinase preparation containing some protease activity. Protoplasts were obtained from all types of cell using Cytophaga lytic enzyme L, which had I ,3-P-glucanase and protease activity, but the purified I ,3-P-glucanase and protease prepared from Streptomyces violaceus cultures required the presence of a chitinase before protoplasts were released. The bonding association between the major components which comprise the cell wall, and the spatial distribution of these macromolecules, varies appreciably between the two dimorphic forms and with the age of the culture.
I N T R O D U C T I O N
The cell wall of blastospores of Candida albicans is 200 to 300 nm thick (Gale, 1963) , and contains a highly branched glucan with 72 % 1,6-a-and 27 % 1,3-a-linkages (Yu et al., 1967a) , part of which is closely associated with chitin (Domanski & Miller, 1968) , and mannans with 1,2-a-and ~,G-a-linkages, which are firmly bound to protein (Kessler & Nickerson, 1959; Yu et al., 1967b) . Less information is available concerning the wall of the mycelial form but Cassone, Simonetti & Strippoli (1973) found it had a similar structure to that of the blastospore but approximately half the thickness. The glucan, mannan and chitin content appears to be similar in nature to that of the blastospore, but the polysaccharide proportions and the protein composition vary between the two morphological forms in the early-stationary growth phase (Chattaway, Holmes & Barlow, 1968) . These results come from chemical analysis of isolated walls and few attempts have been made to examine the wall structure of Candida using hydrolytic enzymes, although several such studies have been made for Saccharomyces spp. (e.g. McLellan & Lampen, 1968; Bacon et al., 1970) .
Exposure of both mycelial and blastospore forms of C. albicans to dithiothreitol (DTT) releases saccharide and protein material including acid phosphatase from the cell surface (Chattaway, Shenolikar & Barlow, 1974) . This work has now been extended to study the
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effects of glucanases, chitinase and proteases on the cell surface in the presence of dithiothreitol, by electron microscopy and by the extent of release of these materials from the two morphological forms in 4 h and 18 h cultures. The 4 h cultures contained cells predominantly in the exponential phase of growth when maximum germination of blastospores occurs under suitable environmental conditions. The I 8 h cultures contained cells predominantly in the early-stationary phase.
METHODS
The strain (caI) of Candida albicans (Robin) Berkhout used and the methods of maintenance, growth on medium C and harvesting of blastospores and mycelium, were as described by Chattaway et al. (1968) .
Preparation of lytic enzymes From Streptomyces violaceus. The organism was grown on the medium of Elorza, Ruiz & Villanueva (1966) for 5 days with chitin (5 g 1-l) as carbon source. The culture filtrate was concentrated and the enzymes precipitated by 90 % saturation with (NH&SO,. This preparation contained chitinase, endo-1 ~-P-glucanase and protease activities. The enzyme preparation was also stirred with colloidal chitin (Berger & Reynolds, 1958) to remove chitinase, and the supernatant was used as a source of endo-1,3-,8-glucanase and protease. Purified endo-r,3-P-glucanase free of protease and chitinase (fraction 3, Fig. I ) was prepared from culture filtrates in which laminarin (5 g 1-l) was substituted for chitin as carbon source. The 40 to 60% (NH&SO, fraction was prepared and fractionated on DEAEcellulose (DE52, Whatman) with a gradient of 100 ml 0.1 M-N~,HPO, and 500 ml 0 -2~-NaH2P0,. Figure I shows the presence of several 1~3-P-glucanases and at least two proteases in the original filtrate. All fractions from the column were dialysed against running water until free of inorganic phosphate.
Endo-I ,3-P-glucanase from Cytophaga spp. The Cytophaga lytic enzyme L.1 (BDH) has been shown to contain two 1,3-P-glucanases (Marshall, 1973) : one specific for laminarin and the other a non-specific I ,3(4)-P-glucanase. In the absence of 1,q-P-linkages in Candida glucans, the crude preparation was used since it showed no activity against lutean, pustulan, phosphomannan or yeast mannan. Some protease activity was present at pH 7.5.
EXO-I ,3-P-glucanase from basidiomycete ~~8 0 6 . The organism was grown and the enzyme purified according to Houtari et al. (1968) . It showed no protease, 1,6-P-glucanase, amannanase or phosphomannanase activities.
Chitinase. Attempts were made to purify the chitinase in the S. violaceus culture filtrates (see above). These confirmed the observation of Skujins, Potgeiter & Alexander (1965) that two chitinases were present, but no complete separation from I ~-P-glucanase activity was achieved. The chitinases were unstable on freeze drying or storage in solution and accordingly chitinase from Calbiochem was used. This preparation contained some pro tease activity but was free of other enzyme activities.
Enzyme assays Phosphatases. The method of Linhardt & Walter (1963) at 37 "C for I h in I ml of either laminarin (I mg) in 50 mM-Tris/HCl buffer, pH 7'5, or pustulan (I mg) in 50 mM-sodium citratelphosphate buffer, pH 5.0. Reaction was stopped by adding Somogyi reagent (I ml) and the liberated reducing power was estimated by the Nelson-Somogyi method as pg glucose equivalent h-l. Exo-1,3-,&glucanase was similarly determined using 50 mM-sodium acetate buffer pH 4.8, containing 0.025 % gelatin, and stopping the reaction by heating at roo "C for 10 min; glucose release was measured by the glucose oxidase method (Werner, Rey & Wielinger, 1970) as pg glucose h-l.
Chitinase. The substrate, colloidal chitin (I mg ml-l; Berger & Reynolds, 1958) in 50 mwphosphate buffer pH 6.3, and enzyme (total vol. 5 ml) were incubated with shaking at 37 "C for I h. Reaction was stopped by heating at I 00 "C for 10 min and released glucosamine was estimated as pg glucosamine h-l.
Protease. Hydrolysis of 3 % casein in either 50 mM-TrislHC1 buffer, pH 7-5, or IOO mMphosphate buffer pH 6.0 (I ml) was measured by incubation at 37 "C for I h. Unhydrolysed substrate was removed with 10 % (v/v) trichloroacetic acid (3 ml) and the Ezso of the supernatant was measured. One unit of enzyme activity was defined as that which produced a unitary increase in Ezso h-l.
Treatment of Candida cells with hydrolytic enzymes.
Cells from cultures grown for 4 h (10 mg dry wt ml-l) or 18 h (30 mg dry wt ml-l) were suspended in 800 mM-mannitol/ 50 mM-Tris/HCl buffer, pH 7-5 (20 ml), and incubated under nitrogen with shaking for 24 h at 37 "C; 12 mM-DTT and hydrolytic enzymes were added as required. When chitinase (Calbiochem) was added, cells and enzyme were used at one fifth of the normal concentration. Cell residues were separated by centrifuging at 8oog and retained for electron microscopy. Supernatants were freeze-dried and the residue (I g/ro ml) was dissolved in 50 mM-Tris/HCl buffer, pH 7.5, for analysis. Fractionation of this material on Sephadex G75, as described by Chattaway et al. (1974) , gave qualitatively similar fractions from all treatments of the cells, with two main fractions being eluted. Fraction I was hydrolysed by the method of Johnston (1965); the only sugars present were glucose and mannose. The 338
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latter was estimated as the difference between total carbohydrate and glucose contents. Fraction 2 contained mannitol from the suspending fluid in addition to glucose, mannose and ribose. After hydrolysis, the mannitol interfered strongly with the total carbohydrate estimation, and the ribose was largely destroyed. Thus total reducing sugar and glucose were measured and the difference taken as a measure of mannose.
Chemical estimations. Total carbohydrate was estimated by the method of Dubois et al. (1956) , and correcting for the presence of mannitol; total reducing sugar by the method of Somogyi (1952); ribose according to Herbert, Phipps & Strange (1971) ; glucose by the glucose oxidase method (Werner et al., 1970) and glucosamine according to Herbert et al. (1971) . Protein was estimated by the method of Lowry et al. (1951) , but when interfering substances such as sugars or thiols could not be removed it was determined according to
Electron microscopy. Candida cells were fixed in IOO mwphosphate buffer pH 7-4 containing 2 3 % (v/v) glutaraldehyde (Eastman ; electron microscopy grade), washed with buffer, stained with OsO, (2 %, w/v) for I h, dehydrated in a graded series of ethanol concentrations from 40 to 100 %, embedded in Epon go, sectioned on a LKB Ultratome 111, stained with lead citrate, and photographed on 35 mm film using a Philips EM300 microscope. I0 min after dilution of a cell suspension (1:6, v/v) with distilled water was used (Baird & Cunningham, 1971) . Since this method estimates all osmotically fragile cells, true protoplasts were also counted by phase-contrast microscopy.
Estimation ofprotoplasts. The decrease in

RESULTS
Cells from cultures grown for 4 h and 18 h as blastospores or as mycelium were exposed to DTT and hydrolytic enzymes under conditions which would stabilize the protoplasts produced. The treated cells were examined by electron microscopy to detect any changes in the cell surface and the supernatants were examined for the release of acid phosphatase and other components of the surface. The cytoplasmic membrane was shown to be intact by electron microscopy and by the absence of alkaline phosphatase in the supernatants. This enzyme is intracellular because it cannot be assayed using intact cells and is not associated with washed wall preparations.
Cell surface acid phosphatase activity and its release
Acid phosphatase, associated with the cell surface, can be demonstrated simply by incubation with a suitable substrate, and washed wall preparations also show appreciable activity (Chattaway, Odds & Barlow, 1971 ). Small amounts of activity were released by incubation of cells in buffer and the effect of agents which disrupt surface components was to increase both the total activity detected and the proportion of the activity released into the supernatant (Table I) . DTT increased the proportion of activity released by 30 to 50 % and the Cytophaga L, enzyme increased this figure by approximately 25 %, except in the case of mycelium from 4 h cultures where virtually all the activity was released. The effect of the preparations from S. violaceus was less marked, giving increases of 5 to 20 % above that achieved with DTT, except that mycelium from 4 h cultures again gave an appreciably higher result. It made little difference whether the second disrupting agent was 1,3-P-glucanase alone or combined with chitinase or protease, or chitinase and protease in the absence of the glucanase. The effectiveness of this last pair of enzymes may have been 
Release of acid phosphatase from
C. albicans cells
Cells were suspended in buffer; 50 mM-DTT was added in all treatments except no. I. enhanced by activity of an endogenous P-glucanase. The release of the phosphatase from 18 h culture mycelium was lower for all treatments compared with that from mycelium at 4 h and blastospores at 4 h and 18 h.
Release of cell-wall glycopeptide material
Fractionation on Sephadex G75 gave qualitatively the same two fractions from all treatments. Fraction I. This was predominantly polysaccharide. Further fractionation on Sephadex G2oo gave a peptide containing a fraction free from carbohydrate. The principal polysaccharide material, associated with a low peptide content, was not retarded by the gel and remained unfractionated (molecular weight > 800 000). This fraction contained all the acid phosphatase activity released from the cells. Variation in the total carbohydrate'content with the different treatments is shown in Table 2 . The small release on incubation in buffer was increased in the presence of DTT. This effect was more marked with blastospores than with mycelium. Treatments 3 and 6 (Table I), which gave rise to protoplasts, released most material; the release from cells from 18 h cultures was greater than that from 4 h culture cells. Treatments 4, 5 and 7 (Table I) , which showed greater surface disruption than that caused by DTT, also released more fraction I, and this release was more marked from mycelium from both 4 h and 18 h cultures than from the corresponding blastospores.
The proportions of glucose and mannose in the above preparations showed no striking variations; mannose formed 60 to 80 % of the carbohydrate present suggesting that the different treatments released material of approximately the same carbohydrate content. Fraction 2. This fraction had a molecular weight < 12500 which did not vary with the different treatments, it was devoid of acid phosphatase activity, it had only a low carbohydrate content, and its U.V. spectrum showed maxima at 260 nm (except with treatment 7) and 280 nm. The high mannitol content made carbohydrate estimations difficult and when corrections were made these showed little significant variation between the treatments. There was a higher proportion of the material with an absorption maximum at 260 nm in cells from 18 h cultures than in those from 4 h cultures after treatment 6 (Table I) , but not
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Figs 2 to 5. Normal cells showing the differing widths of blastospore and mycelial walls and the relatively electron-dense outer layers merging into an electron-transparent layer separated by a narrow electron-dense layer from the cytoplasmic membrane. Fig. 2 , blastospore from a 4 h culture. Fig. 3 , blastospore from an 18 h culture. Fig. 4 , mycelium from a 4 h culture. Fig. 5 , mycelium from an 18 h culture. Bar marker represents 0.2 ,urn.
after treatment 3, and the reverse was found for material absorbing at 280 nm. This again emphasizes the differing effects of these treatments which both form protoplasts.
Electron microscopy of the cell surface Preliminary examination of untreated cells of both morphological forms confirmed the multilayered wall structure described by Cassone et al. (1973) and that the mycelial wall was thinner than that of blastospores at both 4 h and 18 h (Figs 2 to 5). DTT probably reduces disulphide bonds, particularly in the outer glycoprotein layer, leading to a loosening of this layer and more ready penetration by lytic enzymes. This effect was observed in both forms and is illustrated in Fig. 6 for mycelium where the reagent is also seen to have penetrated into the area of septum formation.
Protoplasts were produced in go % yield (Fig. 7) , in the presence of DTT, by the action of either the Cytophaga lytic enzyme L, (treatment 3, Table I ), or the crude preparation from S. vioZaceus (treatment 6, Table I ). The use of the purified 1,3-,8-glucanase (treatment 4, Table I ) had no demonstrable effect on mycelium from either 4 h or 18 h cultures and caused only partial degradation of the outer layers of the wall of blastospores, yielding spheroplasts and not protoplasts (Fig. 8) . The inclusion of a protease with the glucanase (treatment 5, Table I ) led to the complete removal of the outer layer of the blastospore walls and again spheroplasts were obtained. Mycelial preparations also showed this effect but since the inner layers of the wall apparently remained intact there was no change of shape (Fig. 9) . The presence of the chitinase in the S. violaceus preparation (together with the 1,3-,8-glucanase, protease and DTT) appears to be essential for the production of The action of 1,3-/3-glucanase, protease and DTT on mycelium from a 4 h culture. The outer layers of the wall have been removed, with some of the inner electron-transparent layer, but the shape is maintained. The preparation was osmotically fragile. Bar marker represents I pm. Fig. 10 . The action of chitinase, protease and DTT on a blastospore from an 18 h culture. The outermost layers have been removed. Appreciably more of the inner layers remain (cf. Fig. 5 ), but the preparation was osmotically fragile. Bar marker represents I pm.
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protoplasts. Although the glucan of C. albicans has a higher proportion of I ,6-P-linkages than the glucan of Saccharomyces cerevisiae (Yu et al., 1967a) , it is only the rupture of the I ,3-P-linkages which is required in both organisms for the release of protoplasts. The chitinase preparation (treatment 7, Table I ) removed the outer layer of the wall in 4 h culture mycelium with no change in shape. Similarly in 18 h culture blastospores, the outer layer was removed and spheroplasts were formed (Fig. 10) . The chitinase preparation had no visible effect on 4 h culture blastospores or 18 h culture mycelium.
DISCUSSION
Blastospores of C. albicans resemble those of S. cerevisiae in the qualitative composition of the cell surface. Studies on S. cerevisiae have led to the concept that the wall consists of an outer, electron-dense layer, comprising mainly mannan and protein, enclosing an electron-transparent layer containing glucan and chitin with some protein. This inner layer is separated from the cytoplasmic membrane by a narrow electron-dense layer which may be partly responsible for the rigidity of the cell structure, and which probably contains protein and chitin.
Lampen (1968) and Kidby & Davies (1970) postulated possible arrangements of the various polymers in the wall structure and accounted for the retention and release of enzymes such as invertase and acid phosphatase. Treatment with thiol reagents, as well as releasing enzymes, also promotes protoplast formation by permitting greater access of lytic enzymes to their substrates contained in the surface structures. Cassone et al. (1973) distinguished five layers in both blastospores and mycelium of C. albicans and recorded changes in different layers during germ-tube development. In addition to the three main layers seen in Saccharomyces spp., they showed an outermost floccular layer and a fibrillar layer between the outer electron-dense layer and the electrontransparent layer, often infiltrating into this latter structure. The present study has confirmed these observations (Figs 2 to 5) , and also that the mycelial wall is only approximately half the thickness of the blastospore wall. The appearance of discrete layers in electron micrographs does not necessarily imply distinctive chemical composition, and the material solubilized by all the treatments used had similar properties but varied considerably in amount according to the particular treatment. This suggests that while the proportions of mannan, glucan and protein may vary in different parts of the cell surface, there is a degree of association between them and chitin, such that disruption by DTT or the lytic enzymes results in the release of similar material.
The action of DTT is necessary for any extensive degradation by lytic enzymes to occur, which emphasizes the important protective role of the protein components. The addition of the 1,3-P-glucanase from S. violaceus results in the release of increased quantities of the mannan-glucan-peptide complex from both blastospores and mycelium. This treatment resulted in loss of the outer blastospore wall layers, but had no demonstrable effect on the appearance of mycelium, indicating differences in the wall structure between the two forms. The addition of a protease resulted in the loss of the outer layers of the wall from both blastospores and mycelium, the rigidity of the cell structures being maintained. The inclusion of a chitinase as well resulted in protoplast production from both forms and from both exponential and early-stationary-phase cells. This confirms the1importance of chitin in the structure of the inner layers of the wall and the observation of Gale et al. (1975) that the lytic enzyme from S. violaceus grown on chitin would form spheroplasts from exponential-phase cells. These authors found that late-stationary-phase cells also required
